Genetically modified plants are widely grown predominantly in North America and to a lesser extent in Australia, Argentina and China but their regions of production are expected to spread soon beyond these limited areas also reaching Europe where great controversy over the application of gene technology in agriculture persists. Currently, several cultivars of eight major crop plants are commercially available including canola, corn, cotton, potato, soybean, sugar beet, tobacco and tomato, but many more plants with new and combined multiple traits are close to registration. While currently agronomic traits (herbicide resistance, insect resistance) dominate, traits conferring "quality" traits (altered oil compositions, protein and starch contents) will begin to dominate within the next years. However, economically the most promising future lies in the development and marketing of crop plants expressing pharmaceutical or "nutraceuticals" (functional foods), and plants that express a number of different genes. From this it is clear that future agricultural and, ultimately, also natural ecosystems will be challenged by the large-scale introduction of entirely novel genes and gene products in new combinations at high frequencies all of which will have unknown impacts on their associated complex of non-target organisms, i.e. all organisms that are not targeted by the insecticidal protein. In times of severe global decline of biodiversity, pro-active precaution is necessary and careful consideration of the likely expected effects of transgenic plants on biodiversity of plants and insects is mandatory.
Introduction
The application of gene technological methods to crop plants is still at its infancy but adoption rates in the United States have been outstanding (72% of the global area planted to transgenic plants are located in the United States; James 1999). However, the development of this new powerful technology has caused great public concern and stirred intense debates in Europe and North America although the focus of this debate differs. While the debate and regulatory efforts in the United States concentrate on issues around pest resistance development and efficacy when crop under environmental stresses, in Europe, the controversy emphasizes a wide range of risks, including multitrophic effects on non-target organisms (Levidow 1999) .
In 1999, seven transgenic crop plants were commercially grown in a total of 12 countries (in descending order of planted area: soybean, corn, cotton, canola, potato, squash and papaya). Currently, commercially available plants contain one or two new genes predominantly conferring resistance to pests or herbicides, or both (James 1999) . Some virus-resistant potatoes, squash and papaya were also grown in 1999. However, a great number of novel transgenic plants are in the pipeline of the biotech industry. Some indication for novel transgenic plants and other organisms under development can be obtained from the listed notifications of the USDA APHIS (http://www. aphis.usda.gov/biotech/ notday.html; Tables 1,  2 ). Close to 200 notifications for a total of 26 transgenic plants were listed by the USDA-44 A. Hilbeck cally motivated resistance management purposes, constitutive high expression of Bttoxins in transgenic plants is promoted seeking to kill almost 100% of all susceptible (and if possible heterozygote resistant) target pest insects. However, for pest management this is usually not necessary. Control at or below an established economic injury level is sufficient for most pests and cropping systems. It is proposed that partially or moderately resistant plants expressing quantitative rather than single gene traits and affecting the target pest sub-lethally may provide a more meaningful contribution of agricultural biotechnology to modern sustainable agriculture. Some examples of such plants produced through conventional breeding are presented. Non-target effects may be less severe allowing for better incorporation of these plants into IPM or biological control programs using multiple control strategies, thereby, also reducing selection pressure for pest resistance development.
Implications of transgenic, insecticidal plants for biodiversity 45 The accelerating loss of biodiversity throughout the world is an issue of growing scientific and political concern (Shiva et al. 1991) . The rate of decline in biodiversity in many agricultural ecosystems has been par- ticularly rapid, and raises urgent questions about the importance of biodiversity for the sustainability of agriculture (Matson et al. 1997) . In agricultural systems, biodiversity performs ecosystem services beyond production of food, fiber, fuel and income. Examples include recycling of nutrients, regulation of local microclimate, regulation of local hydrological processes, regulation of the abundance of undesirable organism, and detoxification of noxious chemicals. This is called "functional biodiversity" (Altieri 1999) . In industrial agriculture, where crop production was rationalized to the extent possible for the sake of fast and vast food and feed production, the agroecosystems have been simplified and deprived of the basic regulation functional components that, consequently, need to be externally supplied through costly inputs. Often these costs come along with a reduction in quality of life and additional costs due to the environmental problems arising from it, e.g. soil and water contamination, soil erosion, etc. (Altieri 1999) . Recently, scientists have begun to place a price tag on the (Ehler 2000) . Others are developing non-market methods of valuation such as travel costs, contingent valuation and ranking to find surrogate economic values for the missing market for biodiversity services or existence of biodiversity for it's own sake (Brown 1996; OECD 1996) . (Regal 1994; Antoniou 1996) . This technology involves the random insertion of genes without the relevant promoter sequences and associated regulatory genes (Antoniou 1996) . Currently, viral promoter genes and selectable marker genes, coding for example for antibiotic resistance, from reproductively incompatible species are inserted as well as the anti-pest gene. It is assumed that the introduced gene will behave in the new host like it did in its native host, which frequently is not the case (Antoniou 1996) . A very recent example clearly demonstrated that combining genes does not necessarily function in an additive way but can yield highly unexpected outcomes. As part of a program to develop a contraceptive vaccine for mice, researchers in Australia modified a mousepox virus to include the gene for a chemical called interleukin 4. This beneficial chemical was expected to boost the mice's antibody levels. Normally, the mousepox virus is at best harmful, however, when the interleukin 4 gene was added, instead of enhancing the mice's resistance against the virus, it killed them all (Jackson et al. 2001) . Upon successful plant transformation, the induced changes are sudden and can be dramatically different from the "familiar", e.g. high levels of protection from pest damage or production of a novel chemical compound. Because this process is much faster, it was ex- Therefore, two types of plant modifications can occur: intended and unintended changes. Unintended changes are caused by the genetic engineering and tissue culturing processes themselves. Novel gene constructs (containing more than just the "desired" trait but also marker genes, promoters, terminators, etc.) and gene products interact with the other "native" genes and gene products, and/or the novel genes exert so called "position effects" or "pleiotropic" effects on other genes depending on their haphazard location in the genome. These unintended changes can also lead to altered plant characteristics, ultimately influencing the plants' associated complex of non-target organisms, including insects. These changes will be truly novel and cannot be prior anticipated. The intended, desired change is the expression of the introduced new gene construct, e.g. the synthesis of a novel insecticidal protein. To a certain degree, the potential impact of these compounds can be assessed prior and simultaneously to the development and release of the transgenic plant, at least on a laboratory scale.
Conventional breeding and genetic engineering for host plant resistance to pests

Bt-plants and Bt-insecticides
Currently transferred gene constructs conferring resistance to pest insects express genes which are derived from Bacillus thuringiensis, a gram-positive soil bacteria. These genes allow the transgenic plants to produce a highly bioactive toxin targeted against a number of pest insects in corn, cotton and potato (Perlak et al. 1990; Koziel et al. 1993) . For several decades, Bt-insecticides have been used for insect pest and mosquito control in agriculture, forestry and wetlands, and are commonly considered safe for natural enemies based on the lack of reports about adverse effects. However, there are a number of differences between Bt-insecticides and transgenic Bt-plants that make it necessary to verify that conclusion. With Bt-insecticides, a mixture of spores and crystals is applied that must undergo a complex biochemical activation process in order to be effective, whereby spores and crystals often interact synergistically ( Fig. 1 ; Moar et al. 1990; Gill et al. 1992 ; Fig. 1 . Differences Bt-insecticides and Bt-plants. Kumar et al. 1996) . In transgenic Bt-plants, the Bt-proteins are expressed in a much more activated form (Fig. 1) , short-cutting the biochemical cascade of reactions. This can have implications for both specificity, i.e. which insect species will be affected, and/or degree of susceptibility of an affected insect species.
Ecologically even more important is the significantly extended temporal and spatial availability of Bt-toxins in the agroecosystem due to transgenic technology. In classic risk assessment, risk is the result of exposure x hazard, with exposure being defined as a function of concentration, distribution and time. In compliance with the currently adopted pest resistance management strategy (high dose/refuge), transgenic technology strives to achieve the highest possible concentration of toxin expression in transgenic Bt-plants. The ultimate goal is to kill potential heterozygote resistant individuals (Andow & Hutchison 1998) . The most promising technology in that regard is chloroplast transformation increasing expression levels of Bt-proteins in plants multifold over those currently expressed in transgenic Btplants ( McBride et al. 1995) . Moreover, with Bt-insecticides, the Bt-proteins are only topically applied, whereas in transgenic plants, the Bt-proteins are expressed constitutively, i.e. in essentially all plant parts including, pith, kernels, roots and pollen albeit at different concentrations (Koziel et al. 1993 ). Therefore, not only the leaf-chewing, mandibulate target insects are exposed to the toxin but the range of herbivores coming into contact with the Bt-toxin will be extended and also include non-target leaf-mining and plant cell-sucking insects such as diptera larvae, thrips, hemipteran species and spider mites. In contrast to Bt-insecticides, constitutive expression also means that the Bt-toxins are expressed in transgenic Bt-plants throughout the entire field season from germination to plant senescence although the level of expression is dependant upon general plant vigour. Bt-insecticides degrade relatively quickly in the field due to UV-light and typically lose substantial activity within several days to two weeks after their application (Ignoffo & Garcia 1978; Behle et al. 1997 ). This extended temporal and spatial expression results in considerably higher exposure in the risk assessment scheme. The ubiquitous and continuous availability of Bt-proteins in the agroecosystem, in addition to its modified 50 A. Hilbeck form and mode of release, prohibits a simplistic deduction of the safety of transgenic Btplants from the past record of Bt-insecticide use. Separate risk assessment including new specific testing protocols is necessary using transgenic plants in addition to the currently mostly tested microbially produced Bt-toxins.
Potential implications of non-target effects for insect and plant biodiversity
Great concerns are the development of resistance in the target pest species and so called non-target effects (see below). Major research efforts have been underway for several years to investigate pest resistance development, and resistance management plans have been developed and recommended by the regulatory authorities of the United States and Australia (Mellon & Rissler 1998) . Clearly, these initiatives are driven by the prospect of severe economic consequences if pest resistance arises before new transgenic plants are commercially available for their replacement and the investments are recouped. In contrast, the potential impacts of the large scale production of transgenic crop plants on the biodiversity of insects and plants, which will be the focus of this paper, are far less intensively studied, although these effects could possibly arise earlier than pest resistance.
Insect biodiversity
Non-target effects, for the purpose of this paper are any unintended side effects of transgenic, insecticidal plants (i.e. the first trophic level) on organisms other than the target species. These unintended target species may include detrivorous organisms, pollinators and herbivores (i.e. the second trophic level) as well as higher trophic level organisms such as the insect natural enemies of both the non-target herbivores and the original target species.
Non-target effects caused by transgenic crop plants can arise in managed and unmanaged ecosystems alike and interfere with food web structure and natural regulation processes of herbivores and higher trophic level organisms, e.g. predators and parasites. In managed ecosystems (agriculture, forestry, etc.), this could have implications for biocontrol and integrated pest management (IPM) programs (Hilbeck, in press ). In unmanaged "natural" ecosystems, biodiversity implications can arise following the spread of transgenes from crop plants via outcrossing and introgression into wild or weedy relatives. Nontarget effects can also occur through events like mass dispersal and deposition of pollen containing one or more "new" protein(s) that are in some way toxic to the fauna that come into contact with them (Losey et al. 1999; Hansen & Obrycki 2000; Wraight et al. 2000) . In two studies, significantly higher mortality of the non-target monarch butterfly (Danaus plexippus) was determined feeding on pollendusted milkweed (Asclepias syriaca) growing in and around corn fields during pollen shed. This was found with two Bt-corn varieties, one expressing higher (event 176) and the other lower levels (Bt 11) of Bt in the pollen. In another study using another potentially exposed non-target butterfly, the black swallowtail (Papilio polyxenes), significantly higher mortality was only observed when the swallowtail larvae fed on parsnip plants (Pastinaca sativa) that were dusted with the higher expressing Bt-corn pollen (event 176) but not when feeding on parsnip leaves dusted with lower expressing Bt-corn pollen (Mon 810; Wraight et al. 2000) . Essentially, this represents a new form of "pesticide drift" that needs to be examined more carefully during the registration process.
Routes of exposure and types of effects
Any change in plant chemical composition can affect the herbivores feeding on the plant and lead to changes of the community structure, distribution, population dynamics of the herbivore and its associated higher trophic level organisms. There is a large body of research literature available on insect-plant interactions, the coevolution between insects and plants, and the trophic relationships involving plants, herbivores and higher trophic level organisms in ecosystems describing the complexity and interdependency of the various trophic levels (Rosenthal & Janzen 1979; Denno & McClure 1983; Price 1986; Menken et al. 1992; Vet & Dicke 1992; Bernays 1994; Köpf et al. 1998; Rank et al. 1998; Dicke 2000) . With respect to the altered chemical composition in transgenic plants, their effects on non-target herbivores will be a function of the nature of the novel compound expressed, expression level, type of expression (constitutive or induced), within-plant distribution, and type of interaction with other inherent secondary or primary plant compounds. Unintended effects due to transformation are very difficult to anticipate but, clearly, the same applies to these changes as to the intended changes.
Ultimately, both intended and unintended changes in plant chemical composition can lead to higher, lower or no change in herbivore densities and/or within-plant distribution of herbivores. Except for a neutral effect on herbivores, all effects can have further impacts on higher trophic level organisms that will become exponentially more complex as the trophic level increases.
Natural enemies can be affected by transgenic insecticidal plants in response to the altered non-target herbivore population dynamics induced by the novel insecticidal compound. This will be most important for those natural enemy species that follow their prey population dynamics in a density-dependent fashion. These are often specialized natural enemies like many parasitoid species that only feed on one host species. If this non-target host species is adversely affected by the expressed insecticidal toxin and declines in density or is driven to local extinction so will be their specialized parasitoids or predators. Evidence for this from laboratory and field trials has been published (Riddick et al. 1998; Schuler et al. 1999) . Some argue that the local extinction of a specialist natural enemy may be an acceptable sacrifice if the target pest is also eliminated. However, hardly any scientific data basis for such an ecologically risky speculation exists because we know very little or nothing about the ecology, functions and services of these specialized natural enemies outside of a particular crop field. The lack of presence of certain natural enemy species may become evident unexpectedly and result in adverse effects in an entirely different ecosystem context. Polyphagous natural enemies, like many predator species, in contrast can simply switch to other prey species that happen to be available in the agroecosystem and are therefore less likely to go extinct unless they are adversely affected by the novel expressed insecticidal compound passed on to them through their prey (see below). choose between aphids and Spodoptera littoralis larvae raised either on Bt-or isogenic corn.
No-choice trials
The results of all three series of no-choice experiments consistently demonstrated the susceptibility of immature C. carnea to Bt-proteins (Cry1Ab toxin and protoxin, Cry2A protoxin) either provided via prey or directly (Hilbeck et al. 1998a (Hilbeck et al. , b, 1999 . The degree of mortality varied depending on the Bt-delivery system and an increase in toxicity of the Btprotein through the food chain was observed (Table 3) . Prey-mediated mortality of immature C. carnea was highest when the prey food source was transgenic Bt-corn (59-66%) relative to the concentration of the Bt-toxin Cry1Ab, which was the lowest in plants (<5 µg g -1 fresh weight; Fearing et al. 1997) compared with all other concentrations in the other diets. When feeding the approximately 20-fold higher Bt-toxin concentration (100 µg 1Cry1Ab ml -1 artificial diet) directly to chrysopid larvae, the induced mean total immature mortality of C. carnea was significantly higher than in the respective control but lower than expected and similar to the prey-mediated mortality induced by transgenic Bt-corn expressing much lower Bt-concentrations (Table 3) . However, when the comparable Bttoxin concentration was incorporated into meridic diet (100 µg Cry1Ab toxin g -1 meridic diet) and provided via prey to C. carnea, total immature mortality of C. carnea was 21% higher (78%) than when feeding this concentration directly to C. carnea larvae (57% ;  Table 3 ). At this high concentration, C. carnea mortality may also have been confounded by increased intoxication of S. littoralis (42%) that was observed at that concentration only. Similar effects were observed when incorporating Cry1Ab toxin at lower concentrations (50 and 25 µg g -1 into meridic diet), where S. littoralis was not lethally affected by these Bt concentrations. However, they did exhibit sub-lethal effects, i.e. stunting of growth (for more details see Hilbeck et al. 1999) . Also Bt protoxin-incorporated diets (Cry1Ab and Cry2A) caused significantly higher prey-mediated mortality in immature C. carnea than in the untreated control, although to a lower degree than the Cry1Ab toxin incorporated diet. Spodoptera littoralis was not lethally affected by the protoxins regardless of the concentraWhen non-target herbivores ingest the novel insecticidal compound, it can affect its natural enemies in various ways: (1) the insecticidal compound or any metabolite of it may affect the natural enemy directly; (2) the insecticidal compound exerts an interaction effect in concert with other secondary or primary compound(s) of the plant; (3) the insecticidal compound affects the nutritional quality of the prey or host herbivore and, thus, affects the natural enemy indirectly; or (4) the natural enemy may be affected by any combination or all of the above. It will be very difficult to distinguish between these different levels of impact and the limited resources for research in this field may simply render it unfeasible. Nevertheless, the outcome of tritrophic interaction experiments is crucial for meaningful biosafety testing of transgenic plants if they are to become an integrated component of sustainable agricultural production systems. What matters primarily for ecology is whether or not the fitness of an insect species and, thus, ultimately its continuing existence will be affected. Therefore, effective biosafety testing guidelines have to be developed that provide meaningful data on ecologically relevant multi-trophic systems that to the degree possible simulate "realistic" exposure, not non-exposure, to the novel protein in order to allow for rigorous risk analyses. In the following, the outcome of a multiyear project will be summarized that explored such tritrophic interactions in a model system.
Non-target effects of transgenic Bt-plants and microbial Bt-preparations on Chrysoperla carnea
In a multiple-year project, the effects of transgenic Bt-expressing corn and microbially produced Bt-proteins on a common polyphagous natural enemy species, Chrysoperla carnea (the green lacewing), were studied in a triand bitrophic model system approach. Three series of no-choice experiments were carried out using different Bt-delivery systems, transgenic Bt-corn and Bt-incorporated diets. Preymediated effects of Bt-containing diets for herbivorous prey and direct effects of a Bttoxin on C. carnea larvae were investigated. Additionally, a series of choice experiments was carried out where C. carnea larvae could tions applied but exhibited similar sub-lethal effects as in the toxin-treatment (Table 3) .
Further, when comparing control mortalities of all studies, prey-mediated mortality of C. carnea in the trials using transgenic Btcorn plants was approximately 11% higher (37% for both S. littoralis and Ostrinia nubilalis fed predator larvae) than when using meridic diet (26%) suggesting that plant-fed prey larvae were less suitable for optimal nutrition of immature C. carnea than meridic diet fed prey (Table 3) .
Choice trials
Paired-choice assays in a tritrophic system have been carried out to study the influence of transgenic Bt-corn plants on the prey preference of the predator C. carnea (Meier & Hilbeck 2001 ). The plants used were again a transgenic Bt-expressing (Cry1Ab) corn and the corresponding isogenic untransformed Btfree cultivar. Two different prey species were used in the experiments, Spodoptera littoralis and Rhopalosiphum padi (Homoptera: Aphidae). Both species were not lethally affected by the Cry1Ab toxin. Chrysoperla carnea larvae were placed individually in a searching arena together with two groups of prey to choose from. One group had eaten transgenic Bt-corn, the other non-transgenic corn. Choice-experiments with various prey and host plant combinations were performed. The number and type of prey consumed by C. carnea, the time C. carnea larvae spent feeding on their chosen prey and the number of prey C. carnea only "probed" upon for one minute or less were recorded. Observations were made for each of the three larval stages of C. carnea. When C. carnea could choose between S. littoralis fed transgenic Bt-corn and S. littoralis fed non-transgenic corn, they showed a significant preference for S. littoralis fed non-transgenic corn as 3 rd instars. Although not statistically significant, a similar trend was observed for the 2 nd instar. No preference was observed when C. carnea had the choice between R. padi fed transgenic Btcorn and R. padi fed non-transgenic corn. This lack of preference for R. padi fed either transgenic or non-transgenic corn may be due to the absence of the Bt-protein in the phloem (Raps et al. 2001) . In prey combinations with S. littoralis and R. padi, all three larval stages of C. carnea showed a preference for R. padi regardless whether they had fed on transgenic or non-transgenic corn.
In the field, usually a community of various herbivore species is present. If aphids are present in a transgenic Bt-crop field, C. carnea would probably feed preferably on these aphids. In the absence or below a certain density of aphids, the composition of the herbivore community present in the system may determine whether C. carnea is adversely affected and exert reduced biocontrol capacity. However, our data on prey choice suggest that C. carnea larvae would probably prefer prey containing low levels of Bt-toxin or, alternatively, avoid prey containing Bt-toxin. Switching to Bt-free prey where phloem feeders are present, for example, may be a mechanism by which C. carnea can avoid the detrimental effects observed in the no-choice trials conducted by Hilbeck et al. (1998a Hilbeck et al. ( , b, 1999 . They would thereby perhaps increase the predation pressure on aphids but reduce their biocontrol capacity for Bt-containing prey. Therefore, these findings may also have implications for pest resistance development. As has been demonstrated in models by Gould (1991) , natural enemies can either increase or decrease the rate of adaptation. The models so far considered show different degrees of susceptibility of the pest species, functional response types of the natural enemies and pest density dependent or independent predation behaviour but not selective feeding behaviour of predators or adverse effects of the novel compound on the natural enemy.
Potential ecological field implications and future challenges
Field implications of findings as described above can be multifarious and still need to be assessed appropriately. In principle, adversely affected natural enemies bear the danger to disrupt natural regulation mechanisms in the long run. Disruption of natural regulation mechanisms due to intensive (mis-) use of pesticides has had devastating consequences in the past. Considering the different mode of action of Bt-proteins, inducing death in susceptible insects after several days compared with most pesticides that induce instant death, the ecological effects caused by transgenic Bt-plants can probably be expected to be more subtle and long-term but not necessarily less drastic. Transgenic Bt-plants are produced since about 5-6 years on a large scale mainly in the United States, and no drastic events have been reported yet which is somewhat reassuring that short-term acute effects apparently do not occur. However, this is largely based on anecdotal evidence, no large-scale, systematic and comprehensive monitoring plan for ecological impact is in place in any of the producing countries that could provide data rather than evidence. Sub-54 A. Hilbeck tle effects often go unnoticed for a long time and are only reported when a progressed stage is reached and, for example, control failures occur or other damage is inflicted that often is then irreversible.
One of the greatest challenges in pest management in the coming decades is to explore how and which transgenic plants can be incorporated as safe and effective components of sustainable IPM systems and what gentechnology can contribute to the needs of a sustainable modern agriculture. For example, there is no scientific consensus on whether the constitutive expression of high concentrations of an insecticidal compound, i.e. high persistence of an insecticidal toxin in almost all plant parts throughout the entire field season, qualifies as a type of host plant resistance and, thus in principle, would be compatible with the IPM philosophy, i.e. controlling insects below or at an economic threshold and otherwise allow for coexistence. Or whether such persistence of a high pesticide concentration represents just another eradication attempt of the "pesticide era" only utilizing a different pesticide delivery technique, i.e. this time internally expressed than externally applied. IPM guidelines seek to avoid "eradication" and "single solution strategies" by basing its pest management interventions on multiple solutions driven by necessity (Levins 1986; Metcalf 1986 ).
Past experience with host plant resistance primarily involved partially resistant host plants (see Introduction). This was often considered sufficient for the purpose of pest control in an IPM strategy. Thirtyfive years ago, van Emden & Wearing (1965) proposed that reducing the rate of multiplication of a multivoltine insect species such as aphids on partially resistant host plant varieties should result in a magnification of the plant resistance in the presence of natural enemies. Today, there are a number of examples that support this theory including van Emden's own work (1986) . Interestingly, in the same paper he proposes that with strong levels of host plant resistance biological control may well suffer. Another example is provided by Kaneda (1986) who reported about striking differences in increase of brown plant hopper, Nilaparvata lugens, populations of resistant japonica rice varieties under caged and uncaged field conditions. While the results from the cage trials suggested that resistance to BPH might hardly be reliable, similar trials under open field conditions yield unexpected high control of BPH where low level of resistance was complemented by naturally occurring predation mainly by spiders. This finding is supported by Cohen et al. (1997) also working with rice but indica varieties developed at the International Rice Research Institute (IRRI) in the Philippines. The authors investigated the mechanism of resistance in a very popular and successful rice variety that only exhibited a slight to moderate level of resistance. IR 64 has retained this level of resistance despite being grown by the majority of farmers in a large rice-growing area for approximately 10 years. It has proven adequate to prevent pest resurgences where pesticide use was low and demonstrated that high levels of resistance are not necessary to keep one of the most devastating pest species of rice under control. The only example involving transgenic Bt-plants suggests a synergistic effect of partially resistant tobacco expressing low levels of Bt-toxin and the parasitoid natural enemy Campoletis sonorensis parasitizing H. virescens larvae (Johnson & Gould 1992 ). These authors found 11% more mortality of H. virescens larvae than expected if their effects were additive. Bt-insecticide treatments for example against Colorado potato beetles (CPB) were found to be compatible with biological control in field trials with potatoes in North Carolina (Hilbeck et al. 1998c) . It was demonstrated that predation is an important source of mortality of Colorado potato beetles and in conjunction with natural enemies, one or two Bt-applications prevented the development of damaging populations of large larvae whose resulting adults constitute the overwintering population (Hilbeck et al. 1997 (Hilbeck et al. , 1998c .
High concentrations of Bt-toxin in transgenic plants which aims to kill 100% of the susceptible and heterozygote resistant herbivores is recommended exclusively for pest resistance management purposes (Mellon & Rissler 1998) . This "overkill" from a pest control standpoint, which may result in the local extinction of susceptible herbivores (target and/or non-target) and certain natural enemies that are specialized feeders on these herbivores, is considered an acceptable sacrifice for the sake of delaying pest resistance development. However, in times when the decline of biodiversity has reached unprecedented dimensions (see below), this does not seem to be an ecologically sensible approach. A better solution to this conflict of interest may be partial or moderate host plant resistance affecting pest insects sub-lethally. In conjunction with naturally occurring biological control, this can yield adequate pest control with no or only very little adverse effects on natural enemies and simultaneously exerting a low selection pressure for pest resistance.
Plant biodiversity Diversity of wild/weedy relatives
One of the most important anticipated consequences of the widespread use of transgenic plants is the unwanted outcrossing and establishment of ecologically competitive traits into the wild with unknown effects on non-target organisms such as insects and pathogens and, hence, on biodiversity of plants and animals. Many cases of severe problems in both agroecosystems and natural ecosystems have been caused either by introgression of genes or introduction of whole plants into a new habitat (Letourneau et al., in press ). Gene flow of new and rare alleles from domesticated crop plants via hybridisation with wild/weedy relatives to wild plant populations may lead to significant evolutionary change in the recipient plant populations (Rissler & Mellon 1996) .
Much work has already been done on gene/pollen flow and hybridisation of transgenic plants with cultivated and wild/weedy relatives (see Ellstrand et al. 1999 for a review). Most scientists agree that enough information has been produced to conclude that where outcrossing can occur it will happen. Unfortunately, there exists almost no sound data on the consequences of outcrossing and introgression of transgenes into wild or cultivated plant populations (Hails 2000; Letourneau et al., in press ). Outcrossing of ecologically potent traits from crop plants to wild/weedy relatives can have a dual effect on biodiversity by affecting the plant species itself and the organisms associated with these plants and their hybrids. Depending on the trait transferred, progeny of introgressed plants, armed, for example, with superior defense traits such as insecticidal proteins could outcompete and replace native races or convert them into noxious weeds (Andow 1994; Raybould & Gray 1994) . Ecological release from the regulating influence of natural enemies has long been postulated as one of the major factors in the success of invasive exotic species, plants and insects alike (Dobson & May 1986 ). Cascading repercussions of such an event may then ultimately lead to changes in the make-up of plant communities and their associated organisms, including the extinction of native species. There is concern, that this trend could be exacerbated by the uncontrolled and ecologically uneducated application of this new technology (Rissler & Mellon 1996; Letourneau et al., in press) .
Interaction between plant hybrids and associated organisms are crucial for a plant to become established in a population or to out-compete others, thus, affecting the biodiversity of plants and their associated organisms alike. If these processes take place in an agroecosystem, it can result in hybrids that are more aggressive weeds than their wild parents, which may require more weed control, than previously. For example, wild populations of radish (Raphanus sativus) have become weeds in California as a result of hybridization between escaped cultivated radish (R. sativus) and jointed charlock (R. raphanistrum; see Rissler & Mellon 1996 for a review). Another example of particular importance for Europe is the introgression of genes from cultivated canola (B. napus) to B. rapa, a wild relative. Hauser et al. (1998a) studied the fitness of hybrids between three weedy B. rapa populations and three varieties of B. napus. They found that there is no strong hybridization barrier between oilseed rape and weedy B. rapa, and that the F1-hybrids under some conditions were more fit than their cultivated parent and nearly as fit as their weedy parent. Spontaneous hybridization between cultivated B. napus and B. rapa may have occurred already for a long time but went unnoticed so far. The introgression of potent transgenes for example conferring substantially improved defense mechanisms against organisms limiting their abundance may enhance hybrid invasiveness into natural habitats and/or weediness in cultivated canola. However, when studying the fitness of F2-hybrids, the same authors (Hauser et al. 1998b) found that introgression of transgenes from cultivated canola may be slowed down again although not hindered by the lower fitness. In another study on outcrossing of a transgene from canola to weedy B. rapa, Snow et al. (1999) could demonstrate that transgenic re-56 A. Hilbeck sistance to glufosinate was capable of persisting, even in the absence of selection due to herbicide application. This means that undirected, random spread of these transgenes throughout populations can occur in the absence of selection and may become evident, potentially as a problem, in entirely unanticipated spatio-temporal contexts. The introduction of an insect resistance gene, like Bt, might improve hybrid fitness substantially. However, this will likely differ between various wild species. These examples demonstrate that hybridization and its consequences have to be studied on a case by case basis because other wild relatives differ strongly in their content of secondary compounds such as glucosinolates and erucic acid that have known effects on the associated insect community.
Diversity of crop plants
A high level of diversity was (and in many developing countries still is) a feature of most traditional agricultural systems. Farmers have preserved this diversity through recognizing and maintaining a wide range of different crops and cultural varieties of these crops. In some traditional agricultural production systems, species diversity almost parallels that of natural ecosystems. Such diverse agricultural production systems fulfil multiple tasks, i.e. diversity of human diet, income, stability of production, minimizing risks in particular on marginal lands, maximization of returns under low levels of technology (Altieri 1999) . Both the worldwide reduction in crop plant species and cultivars per crop plant species have eroded crop diversity over the past 50 years. This was mainly caused by the development of high input, intensive agriculture favouring large monocultures and plantations of single crop cultivars for improvement of economically more efficient production methods to maximize yields. It is proclaimed that the world's agricultural production area (ca. 1440 Mio. ha) is planted to no more than some 70 plant species: 12 grain crop species, 23 vegetable crop species and about 35 fruit crop species. According to FAO, approximately 75% of the global genetic diversity of our crop plants has been lost during the last century (Hammer 1998) . Of the 2000 rice varieties grown in Sri Lanka 50 years ago only five major species are in widespread cultivation today. Even more dramatic was the loss of rice crop diversity in India. It is further claimed that from formerly 30'000 varieties only 10 varieties account today for 75% of the rice production (UNEP 1993). Within a decade or less, a comparatively limited number of new high-yielding varieties or hybrid crops being genetically quite homozygous and uniform replaced almost entirely the traditional, locally bred varieties derived from and consisting of various landraces (Chrispeels & Sadava 1994) . In the United States, 60-70% of the total bean area is planted with 2-3 varieties, 72% of the potato area is planted with four varieties and 53% of the cotton area with three varieties (National Academy of Sciences 1972). As diversity and its associated ecosystem services declined, the external inputs increased leading for example in pest management to an arms race of new insecticides and pest resistance development.
There is concern among scientists that genetic engineering of crop plants, predominantly carried out in the private sector with a clear commercial interest, may perhaps accelerate this process by focussing on engineering a limited number of high yielding varieties and uniform hybrids emphasizing uniformity with added foreign genes/traits at the expense of significant genetic variability. Similar to hybrids replacing landraces, a limited number of transgenic cultivars may further continue or enhance the trend away from growing a diversity of crop varieties. In contrast, some breeders believe that once patents on genes expire and they become publicly available, they will be bred into many cultivars and thereby contribute to increased crop diversity (Witcombe 1999) . However, such diversity will then consist of a small number of alleles coding for very potent, novel traits in otherwise genetically uniform elite lines grown in monocultures. Whether or not this will represent a substantial and useful increase in biodiversity, in particular functional biodiversity, needs to be monitored carefully. These concerns are confirmed by the adoption rates of a small number of transgenic corn and cotton cultivars in US agriculture which has already paralleled if not surpassed that of hybrids already (James 1999) .
Also crop to crop transgene outcrossing or increased competitiveness of the crop plant itself enabling it to outcompete wild/weedy relatives and spread into natural habitats has been identified as a potential ecological risk.
Implications of transgenic, insecticidal plants for biodiversity 57
In Canada in 1999, after only 3-4 years of large-scale commercial production of transgenic herbicide-resistant canola, the first triple-resistant canola plants were confirmed. These plants had acquired two herbicide resistance transgenes and one conventionally bred herbicide resistance gene (Hall et al. 2000; MacArthur 2000) . Further, in fields grown to herbicide-resistant crops that are regularly treated with herbicides, shifts in weed species composition have been reported to species with low susceptibility to the herbicide (www.biotech-info.net/weed_shift. html). An additional challenge occurs for farmers for example who rotate Roundup Ready cotton with Roundup Ready soybeans. Keeping volunteer soybean out of cotton can be a problem. Careful design of crop rotations and herbicide rotations is the only way to prevent or slow weed resistance problems. Both phenomena greatly reduce the available weed control options or force the farmer to increase the use of herbicides or switch to more hazardous compounds or both. Interestingly, in contrast to pest-resistant transgenic crop plants, no weed resistance management programs were developed for appropriate stewardship of transgenic herbicide tolerant crops. Stewart et al. (1997) conducted the only experiment to date studying the fitness of transgenic and nontransgenic canola plants in natural vegetation under insect selection pressure. They found that insecticidal canola expressing high Bt concentrations were highly resistant to ubiquitous susceptible defoliating lepidopteran herbivores which significantly increased their overwintering success. In contrast, a single episode of herbivory by a lepidopteran pest (diamondback moth) decreased overwintering survivorship of nontransgenic canola and resulted in significantly lower seed production than for transgenic canola. Without herbivory, there was no difference in fitness between transgenic and nontransgenic canola. From this result the authors concluded that because canola is already a minor weed in certain areas, the ability to strongly resist defoliation may allow it to selectively persist to a greater extent by replacing non-transgenic naturalized populations. As for wild/weedy relatives or their hybrids, drastic alteration in a single trait could increase a plant's competiveness and, thereby, allowing it to impact natural plant communities (Andow 1994 ).
Final conclusions and perspectives
As we lose its services, the importance of biodiversity in agriculture is being increasingly recognized. The Agenda 21, the blueprint for the environment of the 21 st century (Chapter 14: Promoting sustainable agriculture and rural development) and the Convention on Biological Diversity (CBD) call to "intensify agriculture by diversifying the production systems for maximum efficiency in the utilization of local resources, while minimizing environmental and economic risks" (Agenda 21, Chapter 14, or to "adopt measures relating to the use of biological resources to avoid or minimize adverse impacts on biological diversity" (CBD, Article 10). In some European states, expensive biodiversity restoration and/or monitoring programs have been launched (Edwards & Hilbeck, in press ). But ultimately, we must develop agricultural systems, which sustain a high level of biological diversity without the need for high investment in special conservation measures. Just as in many traditional agroecosystems, biological diversity should again become a property of the system rather than something, which is achieved as a result of special policy initiatives. "Conservation" is not the best word to describe this process of developing biologically diverse agricultural systems, because it has a strong connotation of attempting to preserve something which already exists. This is an important difference from the conservation of natural habitats, when we usually have a clear view of the type of ecosystem, which we are trying to protect (e.g. a particular kind of oak forest with a well defined associated flora and characteristics of calcareous soils). In contrast, it is usually not a realistic long-term goal to preserve particular plant or animal communities on agricultural land. Agricultural biodiversity is due to recurring cycles of soil preparation, growing and harvesting different crops highly dynamic and changes continuously in response to changes in agricultural practice.
One approach for creating modern sustainable agricultural systems will require the development of local or regional solutions based on the unique combination of climate, landscape and soil types of a given agroecosystem. Drawing on many sources of information and experience including past traditional farming systems may prove a helpful starting point. Altieri (2000) pointed out that it is a common wrong believe that traditional systems do not produce more because of lack of technological efficiency. Reasons for low productivity of traditional subsistence systems often appear to be more social or management-related than technical (Altieri 2000) . For instance, a common feature of traditional farming systems has been to grow a certain mixture of locally adapted crop cultivars. There are good reasons to believe that such diversity is important for sustainable agriculture (Swift & Anderson 1996) , and that we have gone too far in eliminating biological diversity in the pursuit of more efficient production (Matson et al. 1997; Altieri 1999) . Particular functions of such cropping diversity in agricultural systems include the reduction of pests and diseases, and the maintenance of soil fertility. For example, there is abundant evidence that genetic uniformity in crops increases the likelihood that pathogens will adapt to the host genotype and cause serious losses (Buddenhagen 1977) . Similarly, there is also a tendency for densities of certain herbivorous insect species to be higher in monocultures than in mixed cultures and hence crop losses may also be higher. This is especially true for some specialist insects with restricted host ranges, which may become major pests. There are several reasons why crop losses may be lower in polycultures. These are related to the greater difficulty an insect may have in finding its host plant and also potentially higher parasitism and predation rates due to the more diverse structure of the invertebrate community (Root 1973; Letourneau 1987; Altieri 1994) . There is also growing evidence that a high diversity of natural enemies can contribute significantly to strategies of integrated pest control, and as a result greatly reduce our dependence upon pesticides (Pickett & Bugg 1998) . Crop heterogeneity is a possible solution to the vulnerability of monocultured crops to diseases. In a field trial, Zhu et al. (2000) achieved 89% greater yields and 94% less severe infection by Magnaporthe grisea when planting disease-susceptible rice varieties in mixtures with resistant varieties than when they were grown in monoculture. The otherwise regularly applied fungicide treatments were not necessary anymore. This is an outstanding example of creating functional diversity by finding an optimal variety mixture as has been practised already by our ancestors, although to lesser perfection than can now be achieved. As suggested by Altieri (1999) , these effects of diversification can only be determined experimentally across a whole range of agroecosystems. However, Zhu et al. (2000) demonstrated that a simple, functional diversity approach to disease control is indeed possible. As our knowledge on biodiversity functioning and services may increase, provided we are willing to invest in more such research, "integrated packages" could be developed of intercropping systems consisting of multiple "compatible" crops utilizing allelopathy for biocontrol of pests and diseases, including field margins, trap crops (Altieri 1999) .
Current first generation transgenic crop plants seem to offer little for such sustainable agricultural systems since they are developed for high-input, industrial monocultures. As with most first generation products, great room for improvements remain. Their development was not necessarily driven by an urgent specific agricultural need but by technological feasibility combined with perceived prospects for satisfactory profits from the investment. Clearly, meaningful contributions of agricultural biotechnology, incl. gene technology, for modern sustainable agriculture need to be identified. Currently, the most promising role of agricultural biotechnology seems to lay in basic rather than applied research, i.e. understanding general plant functioning, regulation of transgene expression, marker-assisted breeding, plant pathogen development, and last but not least the development of reliable and efficient molecular biosafety mechanisms that for example can prevent transgene escape. In compliance with the pre-cautionary principle also subscribed in the revised EU guidelines 90/220, it seems that the development and release of commercial transgenic products should only follow when a firm understanding of the manipulated system and its potential environmental implications has been achieved, and maximum biosafety measures are in place.
